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ABSTRACT
We present an exploration of the expected detection of the earliest Active Galactic Nuclei (AGN)
in the Universe from state-of-art galaxy formation and evolution semi-analytic models and hydro-
dynamical simulations. We estimate the number and radiative characteristics of Super Massive Black
Holes (SMBHs) at z ≥ 6, a redshift range that will be intensively explored by the next generation
of telescopes, in particular in the radio through the Square Kilometre Array (SKA) and at high
energies with ESA’s Athena X-ray Observatory. We find that Athena will be able to observe over
5000 AGN/deg2 at the Epoch of Re-ionization (EoR), 6 ≤ z ≤ 10. Similarly, for the same redshift
range the models/simulations suggest that SKA will detect at least 400 AGN/deg2. Additionally, we
stress the importance of the volume of the simulation box as well as the initial physical conditions
of the models/simulations on their effect on the luminosity functions (LFs) and the creation of the
most massive SMBHs that we currently observe at the EoR. Furthermore, following the evolution
of the accretion mode of the SMBHs in each model/simulation, we show that, while the quasar
dominates over the radio mode at the EoR, detection at radio wavelengths still reaches significant
numbers even at the highest redshifts. Finally, we present the effect that the radiative efficiency has
on the LFs by comparing results produced with a constant value for the radiative efficiency and
more complex calculations based on the spin of each SMBH.
Key words: galaxies: high-redshift; quasars: general; radio continuum: galaxies; X-
rays: galaxies
? E-mail: samarant@oal.ul.pt
1 INTRODUCTION
One of the fundamental questions in astronomy is how
galaxies form and evolve through cosmic time. For the past
three decades, various teams have been trying to answer
this question by computationally generating a realistic Uni-
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verse, with more or less detailed physics, and following the
birth and evolution of individual simulated galaxies. Two
major techniques have been developed and are generally
adopted: semi-analytic models (SAMs, White & Rees 1978)
and hydro-dynamical simulations (HDSs, Carlberg et al.
1990; Katz et al. 1992). Although there are fundamental
limitations to the predictions these models and simulations
(models hereafter) can provide, due to computational cost
and necessary simplifications for the physical processes in-
volved, the past few years have seen a vast and remark-
able improvement in their results when compared to obser-
vations.
One of these improvements is the inclusion of a funda-
mental player in the evolution of a galaxy, an actively accret-
ing Super Massive Black Hole (SMBH) (e.g. Benson et al.
2003; Bower et al. 2006; Croton et al. 2006; Peng et al.
2006; Volonteri 2007; Lagos et al. 2008; Merloni et al. 2010;
Heckman & Kauffmann 2011), revealing itself as an Active
Galactic Nucleus (AGN). It is believed that most galaxies
host a SMBH at their centres (e.g. Kormendy & Gebhardt
2001, and references therein), and that both, galaxy and
SMBH, grow somehow in tandem – therefore studying the
formation, growth and feedback of SMBHs is fundamental
in understanding the growth of galaxies throughout the Uni-
verse’s history.
Although relations such as the SMBH-bulge mass
can be reproduced by the models in the local Uni-
verse (e.g. Jahnke & Maccio` 2011; Graham & Scott 2015;
Shirakata et al. 2016; Yang et al. 2018), and other observ-
ables such as the SMBH mass function (e.g. Volonteri et al.
2016), stellar mass function (e.g. Kaviraj et al. 2017) or
bolometric luminosity (e.g. Griffin et al. 2018) can be suc-
cessfully reproduced up to considerable distances (z ∼
3 − 4), the modelling of the first galaxies, at high red-
shifts (z ≥ 6), and their SMBHs is still a wide open topic
with various possible solutions (e.g. Ebisuzaki et al. 2001;
Bromm & Loeb 2003; Koushiappas et al. 2004; Volonteri
2010). Generally, the models place the first seeds of SMBHs
(with masses M• ∼ 105 M) in halos that exceed a specific
mass (e.g. Di Matteo et al. 2008) or where gas fulfils partic-
ular conditions (e.g. Dubois et al. 2012; Taylor & Kobayashi
2014; Habouzit et al. 2017), becoming a fundamental driver,
through feedback processes, of galaxy growth from that
point onwards. Although this procedure results in the ap-
pearance of SMBHs in the very early Universe, it is still
unclear if it is sufficient to reproduce the most massive ones
currently observed at the highest redshifts (e.g. Fan 2003;
Mortlock et al. 2011; De Rosa et al. 2014; Wu et al. 2015b;
Mazzucchelli et al. 2017; Ban˜ados et al. 2018; Reed et al.
2019). It has to be mentioned that due to resolution lim-
itations of the models these seeds cannot be resolved. As
a result, they are followed through sub-grid recipes (see
Somerville & Dave´ 2015, for a recent review).
In this context, the fundamental process is the SMBH
growth and its link to that of the host galaxy. Three
major modes of growth have been proposed theoretically
and adopted by the models so far. The first mode, called
quasar or radiative mode, assumes a high accretion rate,
which generates a geometrically thin, optically thick disc
(Shakura & Sunyaev 1973). The accretion leads to strong
X-ray emission due to photon up-scattering via inverse-
Compton interactions with electrons in the hot corona
around the SMBH. The second mode, called radio or jet
mode, occurs at low accretion rates which result from an
Advection Dominated Accretion Flow (ADAF - Rees 1982)
that typically produces two bipolar outflows of material
(jets) converting the potential energy of the in-falling mat-
ter into kinetic energy. These two modes of SMBH growth
take place at different levels of accretion rate: if above 1% of
the Eddington accretion limit, quasar mode accretion dom-
inates, radio mode otherwise (e.g. Fabian 2012; Li 2012;
Heckman & Best 2014, and references therein). A third and
final mode occurs on the merging of two galaxies, both con-
taining SMBHs, resulting in a higher mass SMBH with pos-
sibly different spin. This phenomenon is well known from
the observational point of view as dual-AGN (e.g. Komossa
2003; Koss et al. 2011, 2012, 2016). Although the relevance
of this mode depends on the model, it can account for a
substantial SMBH growth, as the mass losses in the merger
are negligible compared to the previous two modes (e.g.
Schnittman 2013; Healy & Lousto 2017).
It has been shown that it is necessary to consider
AGN feedback in order to improve the predictions for
the local SMBH and galaxy mass functions along with
other observables (e.g. Bower et al. 2006; Croton et al. 2006;
Lagos et al. 2008; Hirschmann et al. 2012b). Although for
high redshift the dominant quasar mode plays an impor-
tant role in galaxy evolution, this feedback comes mostly
from the radio mode since it deposits kinetic energy to
the surrounding material, possibly stopping the cooling
flows that would otherwise lead to an enhancement of the
star formation. The parameters that regulate these feed-
back processes are commonly calibrated (e.g. Sijacki et al.
2007) to match local observations and observed relations
(e.g. the M• − σ relation). Many studies focused on the
AGN feedback, comparing SAMs and HDSs with cur-
rent observations (e.g. Benson & Bower 2011; Lu et al.
2011; Hirschmann et al. 2012a; Fanidakis et al. 2013;
Dubois et al. 2014; Somerville & Dave´ 2015; Guo et al.
2016; McAlpine et al. 2016), generally show an acceptable
agreement with the observed local SMBH mass function, as
well as with the infrared and X-ray Luminosity Functions
(XLFs) of AGN.
In this work we explore predictions from 4 SAMs
and 4 HDSs for the SMBH/AGN population at high red-
shifts, within the Epoch of Re-ionization (EoR). In order
to achieve this, we first investigate the predictions of the
models for the local Universe, comparing with recent obser-
vational results in the hard X-ray (2 − 10 keV) and radio
(1.4 GHz) regimes (Aird et al. 2015; Buchner et al. 2015;
Miyaji et al. 2015; Rigby et al. 2011; Smolcˇic´ et al. 2017).
This approach has been presented for some of the mod-
els in the past (Fanidakis et al. 2011; Khandai et al. 2015;
Sijacki et al. 2015; Volonteri et al. 2016; Griffin et al. 2018)
for the X-ray part and for the radio (Fanidakis et al. 2011;
Griffin et al. 2018), but typically limited to redshifts below
6 (Griffin et al. 2018 extend the X-ray predictions to z > 6).
Subsequently, we examine the predictions from these mod-
els to the X-ray and radio emission from AGN at the EoR
(redshifts of 6−10) and we provide estimates for the number
of AGN that the next generation of telescopes, namely the
Advanced Telescope for High Energy Astrophysics (Athena
- Nandra et al. 2013) and the Square Kilometre Array (SKA
- Acero et al. 2017), will observe. We should note that there
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are other models that have been developed solely with the
purpose of exploiting the highest redshift Universe (e.g. the
BlueTides HDS, Feng et al. 2016, which can be applied cur-
rently to the 7.5 − 99 redshift range). While capable of re-
vealing important results about the earliest Universe, these
models lack the comparison to observations, in particular
at lower redshifts, a fundamental benchmark to gauge how
close model results are to the observable Universe. In this
work we only explore models that have been tested against
observations at low-to-intermediate redshifts.
This paper is organised as follows: in Section 2 a brief
overview of the adopted models is presented, describing their
basic features and focusing on details about SMBH param-
eters. In Section 3, we detail our adopted approach to de-
termine the predicted hard-X-rays and radio LFs, including
how some of the involved key parameters were fixed to match
local-Universe observables, and how we have established the
high-redshift AGN number counts. The results are presented
in Section 4, and discussed in Section 5.
2 MODELS
Although the aim of both techniques of modelling galaxy
evolution is comparable, the differences between SAMs and
HDSs are significant, allowing them to be used at some ex-
tent as complementary tools. While understanding the in-
ternal structure of galaxies within a cosmological context
requires the level of resolution included in a HDS, for the
exploration of the parameter-space related to larger, statis-
tically meaningful samples one would be more inclined to
SAMs. While the scope of this paper is not to review these
methods, we briefly mention below some of their basic fea-
tures necessary to understand their relevance and impact to
this work (see Somerville & Dave´ 2015; Wechsler & Tinker
2018, for more detailed reviews).
In HDSs, evolution of matter is followed by solving the
hydrodynamic and gravity equations for the gas, Dark Mat-
ter (DM) and stars. The capability to follow particle motions
allows, for example, to study in detail the kinematics of a
galaxy and the accretion of matter into a SMBH, however
at the expense of significant computational power. In or-
der to compensate this cost the volume of the simulations
is generally small with typical box sizes of ∼ 100 Mpc. It
has to be noted that physical processes that occur on scales
smaller than the mass resolution (e.g. SMBH accretion, star
formation) are modelled using phenomenological ‘sub-grid’
treatments.
For SAMs, on the other hand, the evolution of gas is fol-
lowed by using analytic approaches (see Baugh 2006, for a
review). DM haloes are described by merger trees generated
from either N-body DM simulations or using Monte Carlo
techniques (e.g. Parkinson et al. 2008). Physical approxima-
tions, which can be significant, may be applied, resulting in
a less stringent requirement on computational power. As a
result, the volume of SAMs can be significantly larger, reach-
ing box sizes of ∼ 1 Gpc.
A comparison between the two methods is beyond
the scope of this paper (for such comparisons see for in-
stance Benson et al. 2001; Yoshida et al. 2002; Helly et al.
2003; Saro et al. 2010; Monaco et al. 2014; Guo et al. 2016;
Mitchell et al. 2018), even though they address different as-
pects of galaxy evolution. For a wider exploration of the
range of predictions that current state-of-the-art models can
provide on the earliest AGN populations, we thus consider
both classes of models, adopting in this paper 4 HDSs and
4 SAMs which have been developed and tested over the last
few years and are able to match a number of observational
indicators at intermediate and low redshifts. A quick de-
scription of the most important parameters of each model is
presented in Table 1. It should be noted that for this work
we use the data provided by the teams responsible for each
model, without re-running any of the models.
2.1 Hydro-dynamical models
Several hydro-dynamical codes have been developed over
the last few years, with the two most common ap-
proaches of solving the hydro-dynamical equations be-
ing the smoothed particle hydrodynamics Particle-Mesh
method (SPH; e.g. Springel et al. 2001, GADGET) and
the Adaptive Mesh Refinement (AMR; e.g. Teyssier
2002, RAMSES) or its latest formulations (e.g. AREPO
- Springel 2010; GIZMO - Hopkins 2014). We adopt
4 recent HDSs that have been successful in predict-
ing several observables, for example, the local SMBH
mass function (e.g. Sijacki et al. 2015; Rosas-Guevara et al.
2016; Volonteri et al. 2016; Mutlu-Pakdil et al. 2018) along
with other galactic properties (e.g. Dubois et al. 2014;
Vogelsberger et al. 2014b; Park et al. 2015; Camps et al.
2016) as well the effect of AGN feedback on galaxy evolution
(e.g. Beckmann et al. 2017; Terrazas et al. 2017). It should
be stressed that several other HDSs exist – for example, the
Nyx code (Almgren et al. 2013), the MAGNETICUM simu-
lations at different resolutions and sizes (Hirschmann et al.
2014), the ν2GC simulations (Ishiyama et al. 2015), the
RHAPSODY-G simulations (Wu et al. 2015a), the Blue-
Tides simulation (Feng et al. 2016), the BAHAMAS simu-
lation (McCarthy et al. 2017) or the recent simulation runs
from the Illustris team called Illustris-TNG (Springel et al.
2018). Also noteworthy is that a significant amount of work
has been done on zoomed-in hydro-dynamical simulations
(e.g. Aucila comparison project - Scannapieco et al. 2012;
FIRE simulation - Hopkins et al. 2014; AGORA simula-
tions - Kim et al. 2016; AURIGA project - Grand et al.
2017; FIRE-2 simulation - Hopkins et al. 2018; SPHINX
simulation - Rosdahl et al. 2018; ROMULUSC simulation -
Tremmel et al. 2019), focusing on the detailed modelling of
the evolution of individual galaxies with much higher resolu-
tion than the HDSs being used in this paper. The drawback
of these simulations is the small volume and, consequently,
the low number of galaxies produced, which renders them
unusable for the scope of our work. Therefore, we choose sim-
ulations that provide a statistically large sample of galaxies
which is translated to a box size of L ≥ 100 Mpc. Although
more simulations exist, we have selected 4 based on the ac-
cessibility of their data products to the community, consid-
ering that the range of their predictions is representative of
the overall HDS capabilities.
2.1.1 Horizon-AGN Simulation
The Horizon-AGN (Dubois et al. 2014) is a HDS covering a
volume of V = (142 cMpc)3 which makes use of the Adap-
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tive Mesh Refinement code RAMSES (Teyssier 2002). The
cosmological parameters being used have been derived from
the WMAP-7 cosmology (Komatsu et al. 2011), compati-
ble with a Hubble constant of H0 = 70.4 kms−1Mpc−1. By
using 10243 DM particles the model achieves a DM mass
resolution of MDM,res = 8 × 107 M , baryonic mass reso-
lution of Mbar,res = 2 × 106 M and spatial resolution of
rres = 1 kpc. The initial SMBH seed is set to M•,seed = 105 M
being placed in a galaxy when the gas and stellar den-
sity exceed the limit of star formation (0.1 H cm−3) and the
stellar velocity dispersion exceeds the limit of 100 km s−1.
The model sets the condition that all SMBHs have been
formed by redshift 1.5 and the accretion rate follows a
steady, spherically symmetric Bondi-Hoyle-Lyttleton accre-
tion given by M˙Bondi = M˙• = 4piαG2M2• ρ/(cs2 + u2)3/2 where
M• is the SMBH mass, ρ is the average gas density, s is
the average sound speed, u is the average gas velocity rel-
ative to the SMBH and α is a dimensional boost factor.
The accretion rate cannot exceed the Eddington accretion
limit, therefore rates higher than this value are capped to
the Eddington accretion limit (m˙ = M˙•/M˙edd = 1). More-
over, the spin parameter of the SMBH is tracked by the
model. The SMBH/AGN feedback (Dubois et al. 2012) is
provided by two disc modes (quasar and radio mode ac-
cretion) separated by m˙ = M˙•/M˙edd = 0.01, where M˙edd =
Ledd/(0.1c2) and Ledd is the Eddington luminosity limit.
The radiative efficiency defined as  ≡ Lbol/(M˙•c2) is set
to a constant value of 0.1. The data for the Horizon-AGN
simulation can be retrieved through their official website:
https://www.horizon-simulation.org/data.html.
2.1.2 Illustris Simulation
The Illustris simulation (Vogelsberger et al. 2014a) consists
of three hydro-dynamical simulation runs of the same vol-
ume V = (106.5 cMpc)3 and varying resolutions, making use
of the AREPO code (Springel 2011). In this work we use the
simulation with the best resolution, which considers 3×18203
DM particles with DM mass resolution of MDM,res = 6.26 ×
106 M , baryonic mass resolution of Mbar,res = 1.26 × 106 M
and spatial resolution of rres = 0.71 kpc. The cosmological
parameters used have been derived from the WMAP-9 cos-
mology (Hinshaw et al. 2013), compatible with a Hubble
constant of H0 = 70.4 kms−1Mpc−1. The seed for SMBHs
is set to M•,seed = 1.42 × 105 M in haloes more massive
than Mhalo = 7.1 × 1010 M . The accretion rate follows the
Bondi-Hoyle-Lyttleton described in the previous model and
is allowed to exceed the Eddington accretion limit. Rotating
SMBHs (and consequently the spin parameter) are not ex-
plicitly considered in this model. Three different accretion
modes exist for the AGN feedback: the first two correspond
to the typical accretion scenarios assumed by most mod-
els, while the third mode corresponds to a situation of a
disc where the net cooling rate of the gas is modified and
accretes close to the Eddington limit. The limit that sep-
arates quasar and radio mode is set to m˙ = 0.05 instead
of the typical value of 0.01 for calibration reasons and the
radiative efficiency on this model was set to  = 0.05 accord-
ing to Sijacki et al. (2015). The data can be retrieved from:
http://www.illustris-project.org/data/ (Nelson et al. 2015).
2.1.3 EAGLE Simulation
The EAGLE simulation (Crain et al. 2015; Schaye et al.
2015; McAlpine et al. 2016) includes 6 hydro-dynamical sim-
ulations covering different combination of parameters (e.g.
volume, resolution) using the code GADGET-3 (a descen-
dent of the publicly available GADGET-2 code, Springel
2005). In this work we have used the simulation with the
largest volume V = (100 cMpc)3 and with DM mass res-
olution of MDM,res = 9.7 × 106 M , baryonic mass res-
olution of Mbar,res = 1.81 × 106 M and spatial resolu-
tion of rres = 0.7 kpc (these values are valid down to red-
shift 2.8 where the gravitational softening was fixed - see
Schaye et al. 2015 for a better description). These simula-
tions are tracking the evolution of baryonic and DM par-
ticles with a flat ΛCDM cosmology as given by the Planck
mission (Planck Collaboration et al. 2016), corresponding to
a Hubble constant of H0 = 67.8 km s−1 Mpc−1. The SMBH
mass seed, of M•,seed = 1.48 × 105 M , is placed in DM ha-
los more massive than Mhalo = 1.4 × 1010 M . The accre-
tion rate is described by a modified Bondi-Hoyle-Lyttleton
(see Rosas-Guevara et al. 2016, for more details): M˙• =
min(M˙Bondi[C−1visc(cs/u)
3], M˙Bondi), where Cvisc is a viscosity
parameter. As in the previous models, the model assumes
two disc scenarios separated by m˙ = 0.01, with the accre-
tion rate capped at the Eddington limit. In this model the
spin parameter is not considered, and the AGN feedback
is restricted to a single feedback mode which is closest to
what we defined as quasar mode (Schaye et al. 2015). It is
assumed that the radiative efficiency is  = 0.1, and 1.5%
of the radiated energy is absorbed by the surrounding gas.
Data for these simulations can be retrieved through the
EAGLE website: http://icc.dur.ac.uk/Eagle/database.php
(McAlpine et al. 2016).
2.1.4 MassiveBlackII Simulation
The MassiveBlackII simulation (Khandai et al. 2015) is a
hydro-dynamical simulation using the P-GADGET code,
an updated version of GADGET-2 (Springel 2005). The
volume of this simulation is V = (142 cMpc)3 and the
WMAP-7 cosmological parameters with a Hubble constant
of H0 = 70.4 km s−1 Mpc−1 are assumed. The DM mass, bary-
onic mass and spatial resolutions are equal to MDM,res =
1.6 × 107 M , Mbar,res = 3.1 × 106 M and rres = 2.6 kpc re-
spectively, while the initial SMBH seed is set to M•,seed =
7.1 × 105 M and is located in DM halos with a mass
larger than the limit Mhalo = 5 × 1010 M . The accretion
rate of the SMBH is set to M˙• = 4piG2M2• ρ/(cs2 + u2)3/2
which does not include the boost factor α that was de-
scribed in the previous models (see Khandai et al. 2015,
and references therein). Contrary to the other HDSs con-
sidered here, the accretion rate in MassiveBlackII is lim-
ited to 2 M˙edd, while the radiative efficiency is kept equal to
 = 0.1. The data from this simulation can be retrieved from:
http://mbii.phys.cmu.edu/data/.
2.2 Semi-analytic models
The second method to model galaxy formation and evo-
lution was developed before the HDS. SAMs have the ad-
vantage of being able to create much larger model uni-
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verses, using a simplified treatment of some of the phys-
ical processes involved (e.g. Baugh 2006; Benson 2010;
Somerville & Dave´ 2015, for a more detailed description).
With the initial thought from White & Rees (1978) and
later work Cole (1991), Lacey & Silk (1991), White & Frenk
(1991) SAMs became a well established methodology for
simulating the Universe. In this paper 4 SAMs have been
considered, namely L-Galaxies, GALFORM, MERAXES
and SHARK. Other models do also exist, including GA-
METE (Salvadori et al. 2007), Somerville et al. (2008), the
GALACTICUS project (Benson 2012), the eGalICS model
(Cousin et al. 2015), SAGE (Croton et al. 2016), the Gaea
model (Hirschmann et al. 2016) and SAG (Cora 2006;
Cora et al. 2018). Previous studies had compared several of
these SAMs (e.g. Lu et al. 2014; Knebe et al. 2018) present-
ing predictions for the stellar mass function, star formation
rate histories and SMBH-bulge mass relation for z < 6.
2.2.1 L-Galaxies Model
The L-Galaxies model (Henriques et al. 2015, based on the
model by Guo et al. 2011), also often known as Munich
model in the literature, is a SAM which is built and follows
the evolution of the DM trees from the Millennium simula-
tions (Springel et al. 2005). Here we consider the simulation
by Henriques et al. (2015) with volume of V = (714 cMpc)3,
DM mass resolution of MDM,res = 1.43 × 109 M and spa-
tial resolution of rres = 5 kpc, with cosmological parameters
matching the Planck’s first year data (see Henriques et al.
2015, for a complete description), corresponding to a Hubble
constant of H0 = 67.3 km s−1 Mpc−1. While the spin of the
SMBH is not considered in this model the accretion is similar
to the aforementioned models considering quasar and radio
modes and capped to the Eddington accretion limit. The
main growth channel of the SMBHs in this model happens
during the galaxy merger phase, with the increase in mass
described by: ∆M• = f• (Msat/Mcen)Mcold/(1 + (V•/V200c)2),
where Msat and Mcen are the masses of the satellite and cen-
tral merged galaxies, Mcold is their total cold mass, V200c
is the virial velocity of the DM halo and f•, V• are ad-
justable parameters. The AGN feedback is provided by the
radio mode in terms of relativistic jets, with the energy out-
put from the SMBH to the ISM equal to 10% of the ac-
creted mass. The data can be retrieved from the website:
http://gavo.mpa-garching.mpg.de/portal/.
2.2.2 GALFORM Model
In this work we use a version of the GALFORM model
(Cole et al. 2000; Lacey et al. 2016) which implements
an improved treatment of the growth of black holes
(Griffin et al. 2018). The model follows the Millennium N-
body DM simulation with volume of V = (800 cMpc)3 usually
referred in the literature as P-Millennium (e.g. Baugh et al.
2018; Cowley et al. 2018) using a Planck cosmology corre-
sponding to a Hubble constant of H0 = 67.8 km s−1 Mpc−1
(Planck Collaboration et al. 2014). The DM mass resolution
is equal to MDM,res = 1.6 × 108 M , the spatial resolution is
equal to rres = 3.4 kpc, while the SMBH seed mass is set to
M•,seed = 10 h−1M = 14.8 M introduced in every halo in-
dependent of mass. The accretion of matter onto the SMBH
takes place by accretion of gas during starbursts triggered
either by mergers or disc instabilities (quasar mode), accre-
tion of gas from the halo’s hot atmosphere (radio mode) and
by SMBH merging. The radio mode includes a prescription
for AGN feedback in which heating by the SMBH balances
gas cooling in haloes while SMBH mergers contribute sig-
nificantly to the growth of the SMBH (Griffin et al. 2018)
especially for M• > 108 M . This accretion of gas (which is
not capped to the Eddington limit) transfers angular mo-
mentum to the SMBH causing changes to its spin which are
tracked in the model and this is used in calculating a spin-
dependent radiative efficiency. In this paper we are using
a different bolometric correction and obscuration fraction,
to those used in (Griffin et al. 2018). The data from this
model can be retrieved by contacting the GALFORM team
through http://galaxy-catalogue.dur.ac.uk.
2.2.3 MERAXES Model
The MERAXES model (Mutch et al. 2016; Qin et al.
2017) is part of the Dark-ages, Re-ionization And Galaxy-
formation Observables Numerical Simulation project
(DRAGONS) focusing in modelling the EoR. From the
two existing DM simulation boxes that DRAGONS is
build on we choose the largest volume of V = (184 cMpc)3
with a DM mass resolution of MDM,res = 1.2 × 108 M ,
spatial resolution of rres = 3.4 kpc and following the latest
Planck cosmology corresponding to a Hubble constant of
H0 = 67.8 km s−1 Mpc−1. The SMBH seed mass is set to
M•,seed = 1476 M and is placed in every newly formed
galaxy. The model adopts a Bondi-Hoyle accretion model
proposed in Croton et al. (2016) and follows the standard
two accretion modes as well as the feedback process
described above by setting the value of the radiative
efficiency equal to 0.06 (opposed to the typical value of
0.1). The spin of the SMBH is not provided in this model,
and the accretion is limited to the Eddington limit. The
data can be retrieved by contacting the team through:
http://dragons.ph.unimelb.edu.au.
2.2.4 SHARK Model
The SHARK model (Lagos et al. 2018), is a new, flexi-
ble, publicly available SAM which is built upon the DM
halo catalogs and trees of the SURFS N-body simulations
suite (Elahi et al. 2018). Here we consider the SURFS sim-
ulation with volume V = (310 cMpc)3, DM mass resolu-
tion of MDM,res = 3.26 × 108 M and spatial resolution
rres = 6.64 kpc, with cosmological parameters matching the
Planck Collaboration et al. (2016), corresponding to a Hub-
ble constant of H0 = 67.51 km s−1 Mpc−1. SHARK seeds
all halos of masses > 1010h−1 M with SMBHs of masses
104h−1 = 14749 M . As the other SAMs, Shark considers
three channels for the growth of SMBHs: BH-BH mergers,
quasar and radio modes. No Eddington accretion limit is
imposed. The main growth channel of the SMBHs in this
model is starbursts, which are driven by galaxy mergers and
disk instabilities (with the two processes playing a similar
role in the growth of SMBHs). The increase of mass during
starbursts is described by: ∆M• = f•Mcold/(1 + (V/Vvir)2),
where Mcold is the total interstellar medium mass available
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for the central starburst, Vvir is the virial velocity of the DM
halo and f• and V• are adjustable parameters. Feedback
from AGN is provided by the radio mode in terms of rela-
tivistic jets, with the energy output from the SMBH used to
directly reduce or completely quench the cooling flow. Shark,
does not follow the spin development of SMBHs, and adopts
a fixed radiation efficiency of 0.1. The model can be re-
trieved from the website: https://github.com/ICRAR/shark
and the data can be accessed by contacting the team at
surfs@icrar.org.
3 METHODOLOGY
The models described above are up-to-date simulations of
galaxy formation and evolution, frequently being tested
against observations and, consequently, updated or im-
proved. They can thus provide estimates of the highest red-
shift (z > 6) Universe, in a way that is arguably much more
powerful (or at least better physically justified) than ex-
trapolating from lower-redshift observations assuming some
undetermined LF evolution towards the highest redshifts.
A fundamental step is the conversion from physical pa-
rameters in the model, like mass, spin, and accretion rate,
to observables, namely luminosity. In this section we present
the relevant steps implemented in this work in order to ob-
tain the luminosity in two essential wavelength regimes for
the observation of high redshift AGN: X-rays and radio. In
particular, we focus on the hard X-ray (2 − 10 keV) and ra-
dio (1.4 GHz) regimes, and aim to extract, from the models,
estimates for the hard X-ray and radio luminosity functions
(HXLFs and RLFs hereafter).
A particularly relevant point is the rotation of SMBHs
(considered in some of the models as the spin parameter -
a), which will determine the amount of infall matter that
will be converted into radiation (i.e. radiative efficiency - ).
Six of the models considered in this work (Illustris, EAGLE,
MassiveBlackII, L-Galaxies, MERAXES and SHARK) do
not track such information, in which case the usual prac-
tice is to assume a constant value for the radiative effi-
ciency. A value of  = 0.1 equivalent to a = 0.67 (see
equation 2.21 in Bardeen et al. 1972, for the calculation of
a) is commonly used in the models, in order to reproduce
the observational properties of galaxies in the local Uni-
verse (e.g. Khandai et al. 2015; Rosas-Guevara et al. 2016;
Volonteri et al. 2016), meaning that, on average, 90% of the
infalling matter will actually accrete into a SMBH contribut-
ing to its growth, while 10% is converted into radiation. In
this work, while the constant value of 0.1 has been used (for
Illustris we use 0.05 corresponding to a spin value equal to
-0.26 and for MERAXES 0.06 corresponding to a spin of
0.083), we have also explored the impact of considering a
variable value for the radiative efficiency  (and spin param-
eter a) whenever the spin parameter is available from the
models and whenever possible (GALFORM). A more de-
tailed discussion of the results and possible implications for
future observations is presented in Section 4.
3.1 X-ray Luminosity functions
For the calculation of the HXLFs the bolometric luminosity
(Lbol) was estimated for each SMBH, and converted to X-ray
luminosity as detailed below.
To estimate the bolometric luminosity due to accretion
to a SMBH, two cases need to be distinguished: the quasar
accretion mode (Thin Disk scenario - TD) and the radio
accretion mode (ADAF - which is assumed to take place
whenever the accretion rate is below 1% of the Eddington
accretion limit m˙ < 0.01). For the former, the bolometric
luminosity is simply given as LTDbol =  M˙•c
2 where  is the
radiative efficiency, M˙• the accretion rate of matter into the
SMBH and c is the speed of light (Shakura & Sunyaev 1973).
A detailed description of the calculation of  is presented
in 3.3. For the radio accretion mode the calculation of the
bolometric luminosity (LADAFbol ) is more complex, and will de-
pend on how the accretion compares with the accretion level
threshold (m˙crit,ν), which marks the electron-heating being
dominated by viscous or ion-electron-heating (Mahadevan
1997). Here, we follow the equations for AGN bolometric
luminosity from Griffin et al. (2018), covering both TD and
ADAF scenarios:
Lbol =

[if m˙ < m˙crit,ν ]:
0.0002LTDbol
(
δ
0.0005
) (
1−β
0.5
) (
6
rˆlso
)
,
[if m˙crit,ν ≤ m˙ < 0.01]:
0.2LTDbol
(
m˙
α2ADAF
) (
β
0.5
) (
6
rˆlso
)
,
[if 0.01 ≤ m˙ < ηedd]:
LTDbol ,
[if m˙ ≥ ηedd]:
ηedd(1 + ln(m˙/ηedd))Ledd
(1)
where:
m˙crit,ν = 0.001
(
δ
0.0005
) ( 1 − β
β
)
α2ADAF, (2)
is the aforementioned boundary, with δ being the fraction of
the viscously dissipated energy received by electrons in an
accretion flow (set here to 0.0005), αADAF is the Shakura-
Sunyaev viscosity parameter for the ADAF case (taken here
as 0.1), β is the ratio of gas pressure to total pressure re-
lated to αADAF by β = 1 − αADAF/0.55 and the parameter
ηedd is a free parameter set equal to 4. A comparison be-
tween the resulting bolometric luminosity calculated with
equation (1) and the simple version (Lbol =  M˙•c2) demon-
strates significant differences for Lbol < 1045 erg/s, however
smaller differences (below ∼ 30%) for the high end of the LF,
with the latter being the relevant range affecting our final
predictions.
The X-ray luminosity from accretion to SMBHs can now
be estimated from the bolometric luminosities using the cor-
rections (Hopkins et al. 2007):
LX−ray(2−10keV) =
Lbol
10.83 ( Lbol1010L )
0.28 + 6.08 ( Lbol1010L )
−0.02 .
(3)
These corrections are valid for bolometric luminosities of
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Table 1. Description of important parameters concerning the basic features of the models and their SMBH formation and evolution.
Model (1)Type (2)Size [cMpc] (3)M•,seed [M ] (4)MDM,res [M ] (5)rres [kpc] (6) (7)spin (8) M˙•/M˙edd
Horizon-AGN HDS 142 105 8.0 × 107 1.0 0.1 provided ≤ 1
Illustris HDS 107 1.42 × 105 6.3 × 106 0.7 0.05 N/A SE
EAGLE HDS 100 1.48 × 105 9.7 × 106 0.7 0.1 N/A ≤ 1
MassiveBlackII HDS 142 5 × 105 1.6 × 107 2.6 0.1 N/A ≤ 2
L-Galaxies SAM 714 742 1.4 × 109 5.0 0.1 N/A ≤ 1
GALFORM SAM 800 14.8 1.6 × 108 3.4 varies provided SE
MERAXES SAM 184 1476 1.2 × 108 3.4 0.06 N/A ≤ 1
SHARK SAM 310 14749 3.4 × 108 6.6 0.1 N/A SE
(1) Model method (SAM: Semi-Analytic Model, HDS: Hydro-Dynamical Simulation), (2) the comoving box size of the simulated Universe in units of Mpc, (3)
the SMBH mass seed in units of solar mass, (4) the Dark Matter mass resolution in units of solar mass, (5) the spatial resolution in units of kpc, (6) the
radiative efficiency of converting matter into radiation, (7) the spin of the SMBH (provided: the model follows the evolution of the SMBH spin, N/A: the
spin is not provided), (8) the accretion rate in units of Eddington accretion (≤ 1, 2: accretion is capped to this value, SE: no limits in the accretion).
Lbol ∼ 1041 − 1049 erg/s and redshift range of z = 0 − 6. Al-
though studies calculating bolometric corrections use large
sets of observed quasar catalogues, they are limited in red-
shift, which renders the study of the EoR more complicated.
In this work we use equation 3 as valid for z > 6 since we lack
observations to determine the corrections for the EoR. Fig-
ure 1 (left panels) presents the resulting HXLFs for low and
intermediate redshifts, following the procedures described
above.
3.2 Radio Luminosity functions
The determination of the RLF considers the radio emis-
sion arising from both the quasar (TD) and the radio
(ADAF) accretion modes. We follow the procedures adopted
in previous works (e.g. Meier 2002; Fanidakis et al. 2011;
Izquierdo-Villalba et al. 2018, and references therein):
νLADAFν = AADAF
( M•
109M
× m˙
0.01
)0.42
LADAFjet , (4)
νLTDν = ATD
( M•
109M
)0.32 ( m˙
0.01
)−1.2
LTDjet , (5)
where ν is the radio frequency, Lν is the radio luminosity
density in W/Hz, AADAF and ATD are normalization factors,
and the luminosities of the jets for each mode, are given by:
LADAFjet = 2 × 1045
( M•
109M
) ( m˙
0.01
)
a2 [erg/s], (6)
LTDjet = 2.5 × 1043
( M•
109M
)1.1 ( m˙
0.01
)1.2
a2 [erg/s]. (7)
As far as the TD scenario is concerned the combination of
equations 5 and 7 indicates that the total radio luminosity
from this mode depends on the SMBH mass and spin only,
since the m˙ terms in both equations cancel out (see Appendix
B for more details). It is noteworthy that the values of the
normalization parameters, AADAF and ATD, can be signifi-
cantly different for different models in order to match the
local LFs. For example, the GALFORM SAM has changed
these parameters quite substantially over time, as modifi-
cations in the model and different observational constraints
were used. Since the models are so sensitive to these param-
eters and it is important to ensure a high degree of consis-
tency in any comparison between them, we normalise the
AADAF and ATD values in all models in order to fit the same
observed local RLFs (Rigby et al. 2011; Smolcˇic´ et al. 2017).
Table 2. The values of the two normalization parameters, AADAF
and ATD, for the calculation of the radio luminosity for each
model.
Model AADAF ATD
Horizon-AGN 1.3 × 10−9 3.0 × 10−3
Illustris 7.0 × 10−6 1.0 × 10−2
EAGLE 8.0 × 10−6 3.0 × 10−2
MassiveBlackII 1.5 × 10−4 1.0 × 10−2
L-Galaxies 8.0 × 10−5 5.0 × 10−2
GALFORM 2.0 × 10−5 8.0 × 10−1
MERAXES 8.0 × 10−5 5.0 × 10−2
SHARK 1.3 × 10−7 8.0 × 10−3
Table 2 and Figure 1 (right panels) show the result of this
exercise. While the former shows how different the values for
the normalization parameters are, it is important to under-
score the existence of a large degeneracy between AADAF and
ATD. In order to solve this issue we are choosing the com-
bination of parameters that provide the best fitting to the
local and higher z RLFs (see Appendix A for more details).
In Figure 1 we exemplify the overall capability of
these models to match the local and intermediate z HXLF
(2 − 10 keV, compared with observations from Aird et al.
2015; Buchner et al. 2015; Miyaji et al. 2015) and RLF
(1.4 GHz, compared with observations from Rigby et al.
2011; Smolcˇic´ et al. 2017). A more extensive comparison
of the HXLF between predictions and observations (for
some of the models presented here), covering higher red-
shifts (where the differences between models and obser-
vations tend to increase), can be found in Sijacki et al.
(2015), Rosas-Guevara et al. (2016), Volonteri et al. (2016)
and Griffin et al. (2018).
The agreement for the local Universe is not surprising
since these models have been developed to reproduce low-
redshift observations (in some cases the properties of black
holes studied here). Nevertheless, it is useful to illustrate
how close these models can be to the actual observations.
3.3 Radiative efficiency ()
Prior of analysing the high-redshift predictions, at X-rays
and radio frequencies, from the considered models, we should
address the handling of the radiative efficiency. This param-
eter, which denotes the efficiency of the conversion from in-
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/stz551/5365431 by D
urham
 U
niversity user on 08 M
arch 2019
8 Amarantidis et al.
Figure 1. The hard X-ray (2 − 10 keV) luminosity functions (left panels) and the radio (1.4 GHz) luminosity functions (right panels)
for the local Universe (upper panels) and the redshift range 0.8 < z < 1.0 (bottom panels). The thickness of each line corresponds
to the Poisson statistical errors. A constant value for the radiative efficiency was applied for all models except for the GALFORM
SAM where a spin dependent efficiency was used (see 3.3 for details). For the Horizon-AGN and Illustris models the mass limits of
Mhalo > 5 × 1011 M and M• > 5 × 107 M were applied respectively, according to Volonteri et al. (2016) and Sijacki et al. (2015).
The points denote observational results from Aird et al. (2015), Buchner et al. (2015), Miyaji et al. (2015), for the X-rays and from
Rigby et al. (2011), Smolcˇic´ et al. (2017) for the radio.
falling matter to energy as radiation, is commonly assumed
to be constant (e.g. Khandai et al. 2015; Sijacki et al. 2015;
Rosas-Guevara et al. 2016; Volonteri et al. 2016). How-
ever, recent studies (e.g. Mart´ınez-Sansigre & Taylor 2009;
Li et al. 2012) suggest a possible variation of  with redshift
and SMBH mass. To gauge the effect of such evolution, and
since variations in the values of  could affect the emission
from the highest redshift SMBHs, we explore now the effect
of a changing radiative efficiency throughout the history of
the Universe for these models. For this study we use the
GALFORM model, where the spin parameter is explicitly
provided. Although, the Horizon-AGN model provides the
spin parameter as well, a value of  = 0.1 was applied in order
to avoid inconsistencies, since this value was used to run the
model. We adopt the equations described in Bardeen et al.
(1972) and Griffin et al. (2018). The radiative efficiency is
given as:
 = 1 −
√
1 − 2
3
1
rˆlso
, (8)
where rˆlso is the last stable orbit of the accretion disc around
the SMBH, in units of gravitational radius RG = GM•/c2 and
is given by:
rˆlso = rlso/RG = 3 + Z2 ± [(3 − Z1)(3 + Z1 + 2Z2)]1/2 (9)
where Z1 and Z2 are functions of the spin parameter α:
Z1 = 1 + (1 − a2)1/3[(1 + a)1/3 + (1 − a)1/3]. (10)
Z2 = (a
2 + Z21 )
1/2. (11)
In equation 9 the minus sign corresponds to an orbit that
has the same direction with the spin/angular momentum of
the SMBH (α > 0), whereas the positive sign corresponds to
a retrograde orbit (α < 0).
Figure 2 presents the comparison between estimating
the XRLF and RLF with  = 0.1 (referred here to as sim-
ple method) and allowing it to change (referred here to as
complex method). As we see both methods produce sim-
ilar results at low luminosities (less than 20(30)% differ-
ence for L2−10keV(L1.4GHz) < 1043(1040) erg/s). However, for
the most luminous SMBHs (L2−10keV(L1.4GHz) > 1044(1041)
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Figure 2. The spline curves for the difference (in %) between
the simple ( = 0.1) and a more complex calculation (equations
8-11) of the radiative efficiency in terms of the hard X-ray (red
lines) and radio (blue lines) luminosity functions for SMBHs in
the GALFORM model for redshift z = 2 (continuous lines) and
z = 7 (dashed lines). The number densities for z = 2 and z = 7 are
n = 0.068 Mpc−3 and n = 0.045 Mpc−3 respectively.
erg/s) the difference in the X-ray and radio LFs can be
higher than 40%. This difference affects the luminosity es-
timates, in particular at the highest redshifts, since we ex-
pect to be able to observe the most luminous and massive
SMBHs. Therefore, assuming a constant value for the effi-
ciency might not be appropriate for the earliest epochs.
In this work we explicitly calculate the radiative effi-
ciency and/or spin whenever this is possible (GALFORM),
adopting constant values in all other situations ( = 0.1
for Horizon-AGN, EAGLE, MassiveBlackII, L-Galaxies and
SHARK;  = 0.05 for Illustris;  = 0.06 for MERAXES),
where SMBH spin and/or radiative efficiency is not explic-
itly handled.
3.4 AGN in the Epoch of Re-ionization
In order to explore the predictions of the models considered
here for the highest redshifts, we focus on the redshift range
6 ≤ z ≤ 10, in the EoR (e.g. Zaroubi 2013), and generate the
high-z HXLF and RLF for each model considered. Although
obscuration in the hard X-rays regime is considered negligi-
ble, we apply a correction for possible obscuration effects to
the X-ray emission as given in Aird et al. (2015), consider-
ing a range of minimum and maximum obscuration values
of NH < 1021 cm−2 and NH > 1024 cm−2 respectively.
dΦabs
dlogLx
=

(1 − f21−22) dΦdlogLx , [1020 < NH[cm−2] < 1021]
βcthick
2
dΦ
dlogLx
, [1024 < NH[cm−2] < 1026]
(12)
where f21−22 = 0.43 is the fraction of unabsorbed AGN and
βcthick = 0.34 is a normalization factor for the Compton-thick
AGN. This obscuration limits will be the lower and upper
errorbars in the predicted LFs.
The resulting estimate for the LFs after these obscura-
tion corrections for the redshift range 7 < z < 8 is presented
in Figure 3. Additionally, for the HXLFs two theoretical
models are also presented in the figure for comparison. The
first one (solid red line) is a Luminosity-Dependent Density
Evolution model (LDDE2 as described in Aird et al. 2015)
given by:
dΦ/dlogLx = K
[( Lx
L∗
)γ1
+
( Lx
L∗
)γ2 ]−1 · e(z,Lx), (13)
where L∗ is the characteristic break luminosity, K is a nor-
malization constant, γ1,2 are the slopes of this broken power-
law and e(z,Lx) is the z and luminosity evolution factor. The
second model also shown is an extrapolation of the local XLF
to higher redshifts (Aird et al. 2013). A final correction step
is applied to take into account the redshift of the emitted
photons, considering an X-ray photon index Γ of 1.4 in:
LX = 4pid
2
L fX(1 + z)
Γ−2, (14)
where LX is the X-ray luminosity, dL is the luminosity dis-
tance of the source and fx is the observed hard X-ray flux.
In this sense, a luminosity limit of LX = 1043 erg/s translates
into fx ≈ 10−17 erg/s/cm2 and fx ≈ 10−17.5 erg/s/cm2 in the
redshift ranges z = 7 − 8 and z = 8 − 10 respectively.
As far as the RLFs are concerned no obscuration was
applied, however considering the redshifted photons emitted
the following equation was applied (Afonso et al. 2006):
L1.4GHz = 4pid
2
LS1.4GHz10
−33(1 + z)Γ−1, (15)
where L1.4GHz is the RLF, dL is the luminosity distance of
the source and S1.4GHz is the 1.4 GHz flux density in units
of mJy. The spectral index Γ was set to 0.8 a typical value
for synchrotron radiation.
4 RESULTS
Figure 1 shows that the model-predicted HXLFs and RLFs
at low and intermediate redshifts are in reasonable agree-
ment with observations, a result which is not surprising as
these are often part of the constraints imposed during the de-
velopment of the models. While this does not mean high-z’s
will be equally successful, it at least suggests a reasonable
degree of accuracy in the physical processes considered in
the models. It should thus be possible to trace the evolution
of the AGN population and generate robust predictions for
the observation of the highest redshift ranges, both in X-
rays and radio frequencies. The use of different models can
provide a measure of the uncertainties affecting the high-
est redshifts, as well as potentially highlighting the need for
specific improvements in the models. This is complementary
to many works being developed today (e.g. Wilman et al.
2008; Aird et al. 2013), that explore the highest redshifts
via semi-empirical simulations or some more or less complex
(but always uncertain) extrapolation from intermediate red-
shift observations.
4.1 Detection of AGN at the Epoch of
Re-ionization
In this work we are particularly interested in the model
predictions for redshift ranges corresponding to the Epoch
of Re-ionization (EoR) and the detectability of the early
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Figure 3. The hard X-ray (left panel) and radio (right panel) luminosity functions for the redshift range 7 < z < 8. In the left panel we also
display the LDDE2 model (solid line) and the model presented in Aird et al. (2013) (black hatched region). The dashed lines depict the
luminosity sensitivity limits for the predicted Athena 25 Ms and SKA Ultra Deep future surveys at band 2 (L2−10keV, lim = 2.7 × 1042 erg/s
and L1.4GHz, lim = 7.9 × 1022 W/Hz respectively). The shaded area for each model in the left plot is derived by using equation 12 estimating
the minimum and maximum obscuration effect, while for the radio part it represents the Poisson error. Mass limits (similar to Figure 1)
were not applied in this calculations.
stages of galaxy formation through their early AGN activ-
ity. At such high redshifts (z ∼ 6 − 10) we will be exploring
what missions like Athena, in the X-rays, or SKA and SKA-
precursors, in the radio, will potentially be able to reveal.
One should realise that knowledge of the physical conditions
in the early Universe can be rather incomplete (consider, for
example, the hard-to-quantify CMB-muting effect – energy
losses of emitting electrons by Inverse Compton to the hot
CMB at very high redshifts – that will predominantly affect
extended radio emission, Ghisellini et al. 2014; Afonso et al.
2015), but the predictions will help in guiding future radio
and X-ray surveys to fine-tune strategies for the detection of
these sources which will ultimately lead to robust tests and
consequent improvements of the models themselves.
Following the procedures detailed in Section 3, we have
estimated the LFs (and consequently the density of SMBHs,
by integrating the former) that each model predicts at
6 ≤ z ≤ 10 (for redshift bins of ∆z ∼ 1). Considering
their estimated luminosity and number density, at both
hard X-rays (2 − 10 keV) and radio (1.4 GHz), we have
explored their detectability with Athena and SKA. In the
X-rays, at the redshift range 7 < z < 8 (one of the redshift
bins) we have considered a sensitivity limit of f2−10keV =
1.58 × 10−17 erg/s/cm2 (Aird et al. 2013), which translates
to a luminosity of L2−10keV = 2.7 × 1042 erg/s assuming a
spectral index of 1.4. At radio wavelengths, we assumed an
ultra-deep reference survey for SKA (Prandoni & Seymour
2015) reaching a sensitivity level of S1.4GHz = 0.2 µJy at
1.4GHz, which corresponds to a luminosity of L1.4GHz =
7.9 × 1022 W/Hz (for 7 < z < 8) assuming a spectral in-
dex of 0.8. As a result, the number of AGN at 6 ≤ z ≤ 10 in
the models that have luminosities above the limiting values
(which vary between different z bins) of each telescope is
presented in Table 3. These results reveal strong differences
between the models, with predictions varying from zero to a
few thousands SMBHs detected over a square degree. There-
fore, the use of only one model when it comes to predicting
the SMBH population at the EoR is highly risky. In Figure
3 we present the corresponding LFs estimates for the red-
shift range 7 < z < 8, along with the LDDE2 and Aird’s
2013 model, based on extrapolation from lower redshift LFs
(Aird et al. 2013). The grey vertical dashed lines represent
Athena’s and SKA’s sensitivity limits. We can see that, while
most models predict a significant number of detectable AGN
at the highest redshifts in the X-rays (although showing a
wide range in predicted numbers), the same is not seen in
the radio where most models do not reveal a substantial
number of AGN able to be detected by SKA (with the ex-
ception of GALFORM). As we detail below, and although
this can be the result of different physics in the models (e.g.
including disk instabilities) and the lack of observations that
can anchor the models at intermediate redshifts, one ma-
jor effect seems to be coming from the limited volumes of
the simulations, making them unable to predict the highest
mass SMBHs that would in general produce the highest ra-
dio luminosities (Section 3 and Appendix B). This aspect
is further explored in the next subsection. The study of the
impact of varying SMBH seed masses on the luminosity and
mass functions has been conducted for the GALFORM and
MERAXES models (Griffin et al. 2018 and Qin et al. 2017
respectively), showing that it is only important for relatively
low mass and less luminous SMBHs. Since our predictions fo-
cus on the most massive SMBHs different seed mass should
not affect our results. Nevertheless we note that even be-
fore SKA, the radio detection of very high redshift AGN
can still be achieved with upcoming wide area radio sur-
veys. For example, the Evolutionary Map of the Universe
(EMU, Norris 2009), to be performed with The Australian
Square Kilometre Array Pathfinder (ASKAP), assuming a
sensitivity limit of 10 µJy, should be able to detect a few
thousand very high-redshift AGN over the full 30,000 deg2
covered (estimates from GALFORM and SHARK only, as
the remaining models reveal no detectable sources over the
simulation boxes considered).
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Table 3. The number of SMBHs per deg2 at 6 ≤ z ≤ 10, and their detectability by Athena or SKA for both hard X-ray and radio regimes
for the models considered.
Telescope z range Horizon-AGN Illustris EAGLE MassiveBlackII L-Galaxies GALFORM MERAXES SHARK
Athena 6 − 10 16577 3649 947 502 28 11958 1545 6274
SKA 6 − 10 14 0 87 24 0 3434 17 292
Figure 4. The maximum bolometric luminosity for the redshift
range 6-9 for the Illustris, EAGLE, L-Galaxies and GALFORM
models, where more than one simulation run was used. There is a
general trend for every redshift to produce more luminous AGN as
the volume of the simulation increases, which can be seen for the
EAGLE, L-Galaxies and GALFORM models. On the other hand
with the Illustris simulation it is shown that same volume but
different physical conditions produce similar results. Dotted lines
present the smallest volumes for the model they follow, dashed
intermediate volumes and the straight lines the largest volumes.
The box size of each model can be seen in the right edge of the
plot with the representative colour.
4.2 Model explorations
4.2.1 Volume effect
Smaller simulation boxes appear unable to predict signifi-
cant numbers of massive, and luminous AGN at high red-
shifts. In order to explore the effect of volume in the final
high-redshift predictions, we perform a simple comparison
between the different simulation runs of the Illustris, EA-
GLE, L-Galaxies and GALFORM models. For the EAGLE
project we use 3 simulations which share the same physics
and numerical techniques with box sizes of 25, 50 and 100
Mpc (with resolutions that also vary accordingly) and are
denoted as Ref-25, Ref-50 and Ref-100. As far as the Il-
lustris project is concerned, 3 different simulation runs are
used, with the same box size of 106.5 Mpc, same cosmo-
logical parameters and initial conditions but with different
mass and spatial resolutions. For L-Galaxies we use the two
available DM simulations, Millennium 1 and 2, which differ
in their volumes (714 Mpc and 142 Mpc, respectively). Fi-
nally, for the GALFORM model we have 2 runs of volume
size 710 Mpc and 800 Mpc corresponding to the Millennium-
I and Millennium-P DM simulations (which use different
cosmological parameters and resolution). Figure 4 displays
a comparison between the maximum bolometric luminosity
observed in each simulation at the redshift range z = 6 − 9.
We can see that runs of the same models (same physics) with
different volumes produce higher bolometric luminosities for
increasing box volume. This is very striking when compar-
ing the 3 EAGLE runs, for example, for which increasing
the volume by a factor of 8 corresponds to a high redshift
increase in the maximum bolometric luminosity that can be
significantly larger than a factor of 10. The different resolu-
tions that usually accompany the changes in volume do not
appear to justify this increase, as indicated by the behaviour
of the Illustris simulations — for which fixing the volume and
changing resolutions alone does not seem to significantly im-
pact the maximum bolometric luminosity (difference of less
than 20%).
A similar exercise can help to better understand the
limitations of state-of-the-art galaxy simulations when used
to predict the highest redshift Universe. In Figure 5 we di-
rectly compare the maximum SMBH mass at each redshift
as predicted by different models, with recent observational
data of powerful quasars. The panel on the right shows the
box length for each simulation (at z = 7) in units of Mpc.
Models that provide additional simulation runs with dif-
ferent volume, are depicted with the same colour (e.g. the
SHARK model has two grey lines corresponding to the sim-
ulations of box size 59 and 310 Mpc). In general, simulations
substantially under-predict the maximum SMBH masses for
all but the lowest redshifts. This difference exists already
at the highest observed redshifts (z ∼ 7), revealing limita-
tions in the early rate of SMBH growth or constraints in
the production of the most extreme objects. However, it
has to be noted that these observations are detections of
high z quasars, found in large sky surveys covering a much
larger volume (at the EoR) than the models used in this
work. For example, the z = 7.54 quasar of SMBH mass of
M• = 8 × 108 M (Ban˜ados et al. 2018), was detected in
the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence
2013) covering a sky area of 4028 deg2, which at the detected
redshift corresponds to a box with length of ∼ 74 Gpc (using
a scale of 5.125 kpc/′′, H0 = 67.7 kms−1Mpc−1, ΩM = 0.307
and ΩΛ = 0.693). None of the models presented here can
reach such a large simulation box, which might be necessary
in order to create the most luminous and massive SMBHs,
since there is a general trend to predict more massive SMBHs
when increasing the simulation box volume (MERAXES is
the only model contradicting this result for the high redshift
regime, however according to Qin et al. 2017 this can be seen
as an effect of the low resolution/merging rate of the highest
volume simulation). From the same figure we can see that
smaller size models (e.g. SHARK) can create more massive
SMBHs than larger volume models (e.g. L- Galaxies) which
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shows that beyond the volume effect the specific choices on
how accretion is modelled impact the results.
In any case, Figure 5 indicates that predictions from
current state-of-the-art galaxy models should be taken as
lower limits to the actual number of rare, high luminosity
AGN at very high redshifts, and consequently the corre-
sponding LFs. Quite importantly, these results show that
simply to increase the volume of the models, which will cer-
tainly happen over the coming years, will lead to a significant
improvement when it comes to match model predictions and
observations at high redshifts. A final depiction of the vol-
ume effect is presented in Appendix B.
4.2.2 Accretion modes at high redshift
Current radio surveys fail to identify high redshift (z > 6)
radio galaxies, in spite of the sensitivity limit being presum-
ably deep enough to observe them. An interesting question
that arises is the contribution of the two accretion modes
to these high redshift radio galaxy populations. The models
used in this work should be able to offer valuable insights
about what we currently expect to observe at the highest
redshifts. In Figure 6 we present the percentage of SMBHs
that accrete through radio (dashed lines) and quasar (solid
lines) modes. The percentage of Super-Eddington (SE) ac-
creting sources is also presented (bars). All models are in
agreement to a SMBH growth that mostly takes place by
radio mode at low redshifts, whilst for the high redshift
Universe the quasar mode dominates. Although this is a re-
flection of the models trying to produce the most massive
galaxies very quickly at the beginning of the Universe, it is
an indication that at high redshifts the radio emission from
accretion to a SMBH may not be as abundant, or as eas-
ily produced, as X-rays which will be abundant from quasar
mode accretion. In any case it is worth noting that radio
emission is far from inexistent even for high accretion rates,
as can be seen from Figure 3. Finally, the SE contribution be-
comes important only for z > 6 and only for the GALFORM
and SHARK models which might suggest that in addition
to the large simulation volume, this accretion mode is nec-
essary at high z in order to predict the SMBH population
we observe since the GALFORM and SHARK models are
the ones that approach closest to the observations that we
have at z > 6 (see Figure 5).
5 SUMMARY AND DISCUSSION
With the next generation of telescopes currently developing
survey strategies with a strong emphasis in exploring the
early Universe (e.g. Athena in the X-ray, SKA in the ra-
dio regime), it is of the utmost importance to explore the
predictions from state-of-the-art galaxy formation and evo-
lution models, in particular at the Epoch of Re-ionization
(EoR).
With this goal in mind, we have followed the early evolu-
tion of the AGN/SMBH population in eight up-to-date and
observationally tested hydro-dynamical simulations (HDSs)
and semi-analytic galaxy formation and evolution models
(SAMs), providing predictions to the number of AGN that
Athena and SKA may reveal at 6 ≤ z ≤ 10 and, as a result, to
the AGN X-ray and radio luminosity functions. For the con-
version from AGN source densities to luminosities one needs
to assume an efficiency of the conversion of infall matter (to
the SMBH) to energy – radiative efficiency (). It is common
to assume a constant value of  = 0.1 in these calculations, al-
though there are indications in the literature that this value
may vary throughout the Universe history and with SMBH
mass (e.g. Mart´ınez-Sansigre & Taylor 2009; Li et al. 2012).
Employing the output of the models, we show that the as-
sumption of a constant efficiency will lead to significant dif-
ferences in the estimate of the AGN luminosities – in par-
ticular at the highest SMBH masses (and rarest, but also
potentially more luminous). Explicitly including the spin of
the SMBH in the models can help to better handle the ef-
ficiency in the luminosity estimates, something that will be
necessary as more precise explorations of the EoR are made.
The model-derived local X-ray and radio AGN/SMBH
luminosity functions are found to compare well to recent ob-
servational data. Considering this as a proof that the physics
of galaxy formation and evolution are at least relatively well
handled by the simulations, we explore the model predic-
tions at very high redshifts (z > 6) at X-ray and radio wave-
lengths. As far as the X-ray regime is concerned, although
the various models differ in the prediction of the number
of SMBHs that Athena will be able to detect in the future,
the typical values of a few ×103 SMBHs/deg2 are one order
of magnitude higher than prior predictions from the Athena
team (Aird et al. 2013; Nandra et al. 2013), which are based
on extrapolations of the observed X-ray LFs to z ∼ 3 − 4,
assuming an evolution to higher redshifts. At radio wave-
lengths, the models suggest the detection of a lower number
of AGN (few ×102 SMBHs/deg2) for SKA deep surveys, a
result of the lower predominance of the more radio lumi-
nous accretion mode at the highest redshifts. However, our
estimates are heavily dependent on two normalization pa-
rameters necessary to calculate the radio luminosity, AADAF
and ATD, which present a high degree of degeneracy and
cannot be estimated from first principles. In order to break
this degeneracy, we find the values of these parameters that
fit best the local Universe and higher redshifts. Neverthe-
less, it is noteworthy that, even in the situation that quasar
mode accretion dominates, radio emission can still be quite
substantial, leading to a potentially large number of radio
detections at z > 6. This lends support to the effort of find-
ing radio AGN at the EoR, as a way to not only understand
the earliest examples of AGN activity, but also to directly
study the HI 21cm forest against a bright radio AGN placed
in the EoR (e.g. Carilli et al. 2004) – a point of extreme
interest to the radio selection of very high-z AGN.
Finally, we show that both X-ray and radio LF esti-
mates should be considered only as lower limits, as all mod-
els are still unable to reproduce the most extreme SMBH
masses already known to exist at very high redshifts, an ef-
fect which seems to arise from the limited volume of the sim-
ulations. This leads to a likely significant underestimation of
the number of rare, high luminosity AGN at very high red-
shifts and, consequently, to the derived LFs. While this ef-
fect is difficult to quantify, future increases in the simulation
volumes and resolution (even above the current maximum
∼ 1 Gpc linear dimensions used) are still needed to approach
the most extreme AGN examples already observed in the
Universe. Such improvements are currently implemented in
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Figure 5. The most massive SMBHs produced by each model for redshifts z < 9 (solid lines). For comparison, observational data
are presented (coloured data points with errorbars) for z > 6 (Fan 2003; Mortlock et al. 2011; De Rosa et al. 2014; Wu et al. 2015b;
Mazzucchelli et al. 2017; Ban˜ados et al. 2018; Reed et al. 2019) and for lower redshifts (black points with errorbars) (Shemmer et al.
2004; Riechers et al. 2009; McConnell et al. 2011; Zuo et al. 2015; Bentz & Katz 2015; Wolf et al. 2018). On the right subplot, the
horizontal coloured lines represent the same model (depending on the colour) but with different volume for redshift z = 7. The volume
of each of these additional models is given at the right end of the subplot with the corresponding colour of the model. In this sense for
the EAGLE model (with yellow colour) we have three data points for z = 7 for box sizes of 25, 50 and 100 Mpc.
Figure 6. The percentage of SMBHs growing via quasar (solid lines) and radio (dashed lines) accretion modes for each model (left
plot for the semi-analytic models and right plot for the hydro-dynamical simulations) for redshifts between 0 and 9. The bars depict
the percentage of SMBHs accreting at Super-Eddington rate with only GALFROM and SHARK showing values higher than 5%. Only
SMBHs of mass higher than 105 M and Eddington ratio of λ = Lbol/LEdd > 10−6 were selected.
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such models as for example in the recently published Illus-
trisTNG simulation Springel et al. (2018) or the T-RECS
model - Bonaldi et al. (2019).
It is also clear that further improvements on the physi-
cal prescriptions in the models are still needed and will have
a significant impact on the final results. This is illustrated by
the comparison with galaxy formation and evolution mod-
els that have been developed only for very high redshifts.
Although outside of the scope of this work, restricted to
models that have been tested and shown to reproduce sev-
eral (low-redshift) observables, such high-redshift-only mod-
els can reveal higher maximum SMBH masses at z > 6 than
the majority of the models explored here. It is worthy of note
that different approaches to the early stages of galaxy for-
mation phenomena exist and can lead to even better models
in the future, upon being tested against observations.
ACKNOWLEDGEMENTS
SA, JA, HM, IM and CP gratefully acknowledge
support from the Science and Technology Founda-
tion (FCT, Portugal) through the research grants
PTDC/FIS-AST/2194/2012, PTDC/FIS-AST/29245/2017,
UID/FIS/04434/2013 and UID/FIS/04434/2019. CDPL is
funded by an Australian Research Council Discovery Early
Career Researcher Award (DE150100618) and by the Aus-
tralian Research Council Centre of Excellence for All Sky
Astrophysics in 3 Dimensions (ASTRO 3D), through project
number CE170100013. The Galform runs used the DiRAC
Data Centric system at Durham University, operated by
the Institute for Computational Cosmology on behalf of the
STFC DiRAC HPC Facility (www.dirac.ac.uk). This equip-
ment was funded by BIS National E-infrastructure capital
grant ST/K00042X/1, STFC capital grants ST/H008519/1
and ST/K00087X/1, STFC DiRAC Operations grant
ST/K003267/1 and Durham University. The work done us-
ing GALFORM was supported by the Science and Technol-
ogy facilities Council ST/L00075X/1. AJG acknowledges an
STFC studentship funded by STFC grant ST/N50404X/1.
We acknowledge the support from the teams developing the
models presented in this paper, for making their data avail-
able.
References
Acero F., Acquaviva J.-T., Adam R., Aghanim N., Allen M., Alves
M., Ammanouil R., et al. 2017, preprint, (arXiv:1712.06950)
Afonso J., Mobasher B., Koekemoer A., Norris R. P., Cram L.,
2006, AJ, 131, 1216
Afonso J., Casanellas J., Prandoni I., Jarvis M., Lorenzoni S.,
Magliocchetti M., Seymour N., 2015, in Advancing Astro-
physics with the Square Kilometre Array (AASKA14). p. 71
(arXiv:1412.6040)
Aird J., et al., 2013, preprint, (arXiv:1306.2325)
Aird J., Coil A. L., Georgakakis A., Nandra K., Barro G., Pe´rez-
Gonza´lez P. G., 2015, MNRAS, 451, 1892
Almgren A. S., Bell J. B., Lijewski M. J., Lukic´ Z., Van Andel
E., 2013, ApJ, 765, 39
Ban˜ados E., et al., 2018, Nature, 553, 473
Bardeen J. M., Press W. H., Teukolsky S. A., 1972, ApJ, 178, 347
Baugh C. M., 2006, Reports on Progress in Physics, 69, 3101
Baugh C. M., et al., 2018, MNRAS, p. 3253
Beckmann R. S., et al., 2017, MNRAS, 472, 949
Benson A. J., 2010, Phys. Rep., 495, 33
Benson A. J., 2012, New Astron., 17, 175
Benson A. J., Bower R., 2011, MNRAS, 410, 2653
Benson A. J., Pearce F. R., Frenk C. S., Baugh C. M., Jenkins
A., 2001, MNRAS, 320, 261
Benson A. J., Bower R. G., Frenk C. S., Lacey C. G., Baugh
C. M., Cole S., 2003, ApJ, 599, 38
Bentz M. C., Katz S., 2015, PASP, 127, 67
Bonaldi A., Bonato M., Galluzzi V., Harrison I., Massardi M.,
Kay S., De Zotti G., Brown M. L., 2019, MNRAS, 482, 2
Bower R. G., Benson A. J., Malbon R., Helly J. C., Frenk C. S.,
Baugh C. M., Cole S., Lacey C. G., 2006, MNRAS, 370, 645
Bromm V., Loeb A., 2003, ApJ, 596, 34
Buchner J., et al., 2015, ApJ, 802, 89
Camps P., Trayford J. W., Baes M., Theuns T., Schaller M.,
Schaye J., 2016, MNRAS, 462, 1057
Carilli C. L., Gnedin N., Furlanetto S., Owen F., 2004,
New Astron. Rev., 48, 1053
Carlberg R. G., Couchman H. M. P., Thomas P. A., 1990, ApJ,
352, L29
Cole S., 1991, ApJ, 367, 45
Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 2000, MNRAS,
319, 168
Cora S. A., 2006, MNRAS, 368, 1540
Cora S. A., et al., 2018, MNRAS, 479, 2
Cousin M., Lagache G., Bethermin M., Guiderdoni B., 2015,
A&A, 575, A33
Cowley W. I., Baugh C. M., Cole S., Frenk C. S., Lacey C. G.,
2018, MNRAS, 474, 2352
Crain R. A., et al., 2015, MNRAS, 450, 1937
Croton D. J., et al., 2006, MNRAS, 365, 11
Croton D. J., et al., 2016, ApJS, 222, 22
De Rosa G., et al., 2014, ApJ, 790, 145
Di Matteo T., Colberg J., Springel V., Hernquist L., Sijacki D.,
2008, ApJ, 676, 33
Dubois Y., Pichon C., Haehnelt M., Kimm T., Slyz A., Devriendt
J., Pogosyan D., 2012, MNRAS, 423, 3616
Dubois Y., et al., 2014, MNRAS, 444, 1453
Ebisuzaki T., et al., 2001, ApJ, 562, L19
Elahi P. J., Welker C., Power C., Lagos C. d. P., Robotham
A. S. G., Can˜as R., Poulton R., 2018, MNRAS, 475, 5338
Fabian A. C., 2012, ARA&A, 50, 455
Fan J.-H., 2003, Chinese Physics, 12, 1310
Fanidakis N., Baugh C. M., Benson A. J., Bower R. G., Cole S.,
Done C., Frenk C. S., 2011, MNRAS, 410, 53
Fanidakis N., Maccio` A. V., Baugh C. M., Lacey C. G., Frenk
C. S., 2013, MNRAS, 436, 315
Feng Y., Di-Matteo T., Croft R. A., Bird S., Battaglia N., Wilkins
S., 2016, MNRAS, 455, 2778
Ghisellini G., Celotti A., Tavecchio F., Haardt F., Sbarrato T.,
2014, MNRAS, 438, 2694
Graham A. W., Scott N., 2015, ApJ, 798, 54
Grand R. J. J., et al., 2017, MNRAS, 467, 179
Griffin A. J., Lacey C. G., Gonzalez-Perez V., Lagos C. d. P.,
Baugh C. M., Fanidakis N., 2018, submitted to MNRAS,
p. arXiv:1806.08370
Guo Q., et al., 2011, MNRAS, 413, 101
Guo Q., et al., 2016, MNRAS, 461, 3457
Habouzit M., Volonteri M., Dubois Y., 2017, MNRAS, 468, 3935
Healy J., Lousto C. O., 2017, Phys. Rev. D, 95, 024037
Heckman T. M., Best P. N., 2014, ARA&A, 52, 589
Heckman T. M., Kauffmann G., 2011, Science, 333, 182
Helly J. C., Cole S., Frenk C. S., Baugh C. M., Benson A., Lacey
C., Pearce F. R., 2003, MNRAS, 338, 913
Henriques B. M. B., White S. D. M., Thomas P. A., Angulo R.,
Guo Q., Lemson G., Springel V., Overzier R., 2015, MNRAS,
451, 2663
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/stz551/5365431 by D
urham
 U
niversity user on 08 M
arch 2019
The first Super Massive Black Holes 15
Hinshaw G., et al., 2013, ApJS, 208, 19
Hirschmann M., Naab T., Somerville R. S., Burkert A., Oser L.,
2012a, MNRAS, 419, 3200
Hirschmann M., Somerville R. S., Naab T., Burkert A., 2012b,
MNRAS, 426, 237
Hirschmann M., Dolag K., Saro A., Bachmann L., Borgani S.,
Burkert A., 2014, MNRAS, 442, 2304
Hirschmann M., De Lucia G., Fontanot F., 2016, MNRAS,
461, 1760
Hopkins P. F., 2014, GIZMO: Multi-method magneto-
hydrodynamics+gravity code, Astrophysics Source Code
Library (ascl:1410.003)
Hopkins P. F., Richards G. T., Hernquist L., 2007, ApJ, 654, 731
Hopkins P. F., Keresˇ D., On˜orbe J., Faucher-Gigue`re C.-A.,
Quataert E., Murray N., Bullock J. S., 2014, MNRAS,
445, 581
Hopkins P. F., et al., 2018, MNRAS, 480, 800
Ishiyama T., Enoki M., Kobayashi M. A. R., Makiya R., Na-
gashima M., Oogi T., 2015, PASJ, 67, 61
Izquierdo-Villalba D., Orsi A´. A., Bonoli S., Lacey C. G., Baugh
C. M., Griffin A. J., 2018, MNRAS, 480, 1340
Jahnke K., Maccio` A. V., 2011, ApJ, 734, 92
Katz N., Hernquist L., Weinberg D. H., 1992, ApJ, 399, L109
Kaviraj S., et al., 2017, MNRAS, 467, 4739
Khandai N., Di Matteo T., Croft R., Wilkins S., Feng Y., Tucker
E., DeGraf C., Liu M.-S., 2015, MNRAS, 450, 1349
Kim J.-h., et al., 2016, ApJ, 833, 202
Knebe A., et al., 2018, MNRAS, 475, 2936
Komatsu E., et al., 2011, ApJS, 192, 18
Komossa S., 2003, in Centrella J. M., ed., American In-
stitute of Physics Conference Series Vol. 686, The As-
trophysics of Gravitational Wave Sources. pp 161–174
(arXiv:astro-ph/0306439), doi:10.1063/1.1629428
Kormendy J., Gebhardt K., 2001, in Wheeler J. C., Martel H.,
eds, American Institute of Physics Conference Series Vol. 586,
20th Texas Symposium on relativistic astrophysics. pp 363–
381 (arXiv:astro-ph/0105230), doi:10.1063/1.1419581
Koss M., et al., 2011, ApJ, 735, L42
Koss M., Mushotzky R., Treister E., Veilleux S., Vasudevan R.,
Trippe M., 2012, ApJ, 746, L22
Koss M. J., et al., 2016, ApJ, 824, L4
Koushiappas S. M., Bullock J. S., Dekel A., 2004, MNRAS,
354, 292
Lacey C., Silk J., 1991, ApJ, 381, 14
Lacey C. G., et al., 2016, MNRAS, 462, 3854
Lagos C. D. P., Cora S. A., Padilla N. D., 2008, MNRAS, 388, 587
Lagos C. d. P., Tobar R. J., Robotham A. S. G., Obreschkow D.,
Mitchell P. D., Power C., Elahi P. J., 2018, MNRAS, 481, 3573
Lawrence A., 2013, in Thirty Years of Astronomical Discovery
with UKIRT. p. 271, doi:10.1007/978-94-007-7432-2 25
Li L.-X., 2012, MNRAS, 424, 1461
Li Y.-R., Wang J.-M., Ho L. C., 2012, The Astrophysical Journal,
749, 187
Lu Y., Keresˇ D., Katz N., Mo H. J., Fardal M., Weinberg M. D.,
2011, MNRAS, 416, 660
Lu Y., et al., 2014, ApJ, 795, 123
Mahadevan R., 1997, ApJ, 477, 585
Mart´ınez-Sansigre A., Taylor A. M., 2009, ApJ, 692, 964
Mazzucchelli C., et al., 2017, ApJ, 849, 91
McAlpine S., et al., 2016, Astronomy and Computing, 15, 72
McCarthy I. G., Schaye J., Bird S., Le Brun A. M. C., 2017,
MNRAS, 465, 2936
McConnell N. J., Ma C.-P., Gebhardt K., Wright S. A., Murphy
J. D., Lauer T. R., Graham J. R., Richstone D. O., 2011,
Nature, 480, 215
Meier D. L., 2002, New Astron. Rev., 46, 247
Merloni A., et al., 2010, ApJ, 708, 137
Mitchell P. D., et al., 2018, MNRAS, 474, 492
Miyaji T., et al., 2015, ApJ, 804, 104
Monaco P., Benson A. J., De Lucia G., Fontanot F., Borgani S.,
Boylan- Kolchin M., 2014, MNRAS, 441, 2058
Mortlock D. J., et al., 2011, Nature, 474, 616
Mutch S. J., Geil P. M., Poole G. B., Angel P. W., Duffy A. R.,
Mesinger A., Wyithe J. S. B., 2016, MNRAS, 462, 250
Mutlu-Pakdil B., Seigar M. S., Hewitt I. B., Treuthardt P., Berrier
J. C., Koval L. E., 2018, MNRAS, 474, 2594
Nandra K., et al., 2013, preprint, (arXiv:1306.2307)
Nelson D., et al., 2015, Astronomy and Computing, 13, 12
Norris R. P., 2009, in Panoramic Radio Astronomy: Wide-field 1-2
GHz Research on Galaxy Evolution. p. 33 (arXiv:0909.3666)
Park K., Di Matteo T., Ho S., Croft R., Wilkins S. M., Feng Y.,
Khandai N., 2015, MNRAS, 454, 269
Parkinson H., Cole S., Helly J., 2008, MNRAS, 383, 557
Peng C. Y., Impey C. D., Rix H.-W., Kochanek C. S., Kee-
ton C. R., Falco E. E., Leha´r J., McLeod B. A., 2006, ApJ,
649, 616
Planck Collaboration et al., 2014, A&A, 571, A16
Planck Collaboration et al., 2016, A&A, 594, A13
Prandoni I., Seymour N., 2015, Advancing Astrophysics with the
Square Kilometre Array (AASKA14), p. 67
Qin Y., et al., 2017, MNRAS, 472, 2009
Reed S. L., et al., 2019, arXiv e-prints, p. arXiv:1901.07456
Rees M. J., 1982, in Riegler G. R., Blandford R. D., eds, American
Institute of Physics Conference Series Vol. 83, The Galactic
Center. pp 166–176, doi:10.1063/1.33482
Riechers D. A., Walter F., Carilli C. L., Lewis G. F., 2009, ApJ,
690, 463
Rigby E. E., Best P. N., Brookes M. H., Peacock J. A., Dunlop
J. S., Ro¨ttgering H. J. A., Wall J. V., Ker L., 2011, MNRAS,
416, 1900
Rosas-Guevara Y., Bower R. G., Schaye J., McAlpine S., Dalla
Vecchia C., Frenk C. S., Schaller M., Theuns T., 2016,
MNRAS, 462, 190
Rosdahl J., et al., 2018, MNRAS, 479, 994
Salvadori S., Schneider R., Ferrara A., 2007, MNRAS, 381, 647
Saro A., De Lucia G., Borgani S., Dolag K., 2010, MNRAS,
406, 729
Scannapieco C., et al., 2012, MNRAS, 423, 1726
Schaye J., et al., 2015, MNRAS, 446, 521
Schnittman J. D., 2013, Classical and Quantum Gravity,
30, 244007
Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337
Shemmer O., Netzer H., Maiolino R., Oliva E., Croom S., Corbett
E., di Fabrizio L., 2004, ApJ, 614, 547
Shirakata H., et al., 2016, MNRAS, 461, 4389
Sijacki D., Springel V., Di Matteo T., Hernquist L., 2007,
MNRAS, 380, 877
Sijacki D., Vogelsberger M., Genel S., Springel V., Torrey P., Sny-
der G. F., Nelson D., Hernquist L., 2015, MNRAS, 452, 575
Smolcˇic´ V., et al., 2017, A&A, 602, A6
Somerville R. S., Dave´ R., 2015, ARA&A, 53, 51
Somerville R. S., et al., 2008, ApJ, 672, 776
Springel V., 2005, MNRAS, 364, 1105
Springel V., 2010, MNRAS, 401, 791
Springel V., 2011, in Alves J., Elmegreen B. G., Girart J. M.,
Trimble V., eds, IAU Symposium Vol. 270, Computational
Star Formation. pp 203–206, doi:10.1017/S1743921311000378
Springel V., Yoshida N., White S. D. M., 2001, New Astron., 6, 79
Springel V., et al., 2005, Nature, 435, 629
Springel V., et al., 2018, MNRAS, 475, 676
Taylor P., Kobayashi C., 2014, MNRAS, 442, 2751
Terrazas B. A., Bell E. F., Woo J., Henriques B. M. B., 2017,
ApJ, 844, 170
Teyssier R., 2002, A&A, 385, 337
Tremmel M., et al., 2019, MNRAS, 483, 3336
Vogelsberger M., et al., 2014a, MNRAS, 444, 1518
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/stz551/5365431 by D
urham
 U
niversity user on 08 M
arch 2019
16 Amarantidis et al.
Vogelsberger M., et al., 2014b, Nature, 509, 177
Volonteri M., 2007, in Aschenbach B., Burwitz
V., Hasinger G., Leibundgut B., eds, Relativis-
tic Astrophysics Legacy and Cosmology - Ein-
stein’s Legacy. p. 174 (arXiv:astro-ph/0602630),
doi:10.1007/978-3-540-74713-0 39
Volonteri M., 2010, A&ARv, 18, 279
Volonteri M., Dubois Y., Pichon C., Devriendt J., 2016, MNRAS,
460, 2979
Wechsler R. H., Tinker J. L., 2018,
Annual Review of Astronomy and Astrophysics, 56, 435
White S. D. M., Frenk C. S., 1991, ApJ, 379, 52
White S. D. M., Rees M. J., 1978, MNRAS, 183, 341
Wilman R. J., et al., 2008, MNRAS, 388, 1335
Wolf C., Bian F., Onken C. A., Schmidt B. P., Tis-
serand P., Alonzi N., Hon W. J., Tonry J. L., 2018,
Publications of the Astronomical Society of Australia,
35, e024
Wu H.-Y., Evrard A. E., Hahn O., Martizzi D., Teyssier R., Wech-
sler R. H., 2015a, MNRAS, 452, 1982
Wu X.-B., et al., 2015b, Nature, 518, 512
Yang G., et al., 2018, MNRAS, 475, 1887
Yoshida N., Stoehr F., Springel V., White S. D. M., 2002,
MNRAS, 335, 762
Zaroubi S., 2013, in Wiklind T., Mobasher B., Bromm
V., eds, Astrophysics and Space Science Library Vol.
396, The First Galaxies. p. 45 (arXiv:1206.0267),
doi:10.1007/978-3-642-32362-1 2
Zuo W., Wu X.-B., Fan X., Green R., Wang R., Bian F., 2015,
ApJ, 799, 189
APPENDIX A: NORMALIZATION
PARAMETERS
As it was briefly mentioned in subsection 3.2, there is a high
degree of degeneracy between the two normalization param-
eters of the total radio luminosity. As we can see in Figure
A1, where the RLFs for various redshifts for the Illustris
simulation are presented, this degeneracy is obvious since
two different sets of parameters (red and yellow lines) pro-
vide a good fitting to the observational data for the local
Universe. Since this low redshift is being used most com-
monly to tune the free parameters of a model one can be
mislead by the aforementioned degeneracy. One of the main
reasons for this issue is the low number of SMBHs accret-
ing at quasar mode at the local universe. Consequently, the
ATD is not contributing significantly to the shape of the ra-
dio luminosity function, allowing one to reproduce similar
functions with very different values of ATD. The solution we
are using in this work to break this degeneracy is to provide
the best fitting for various redshift ranges using the same
set of normalization parameters. In this way even though
two sets of parameters can provide good fitting at low red-
shift one of those options (yellow line in Figure A1) may not
be consistent with the observational data at higher redshift.
Figure A1 shows two sets of those normalization parameters
as well the ATD value range at 2.5 < z < 3.5 which can be
perceived as an error in our predictions for the SKA future
surveys. Since the quasar mode dominates the EoR, omit-
ting a similar value range for the AADAF is acceptable.
Figure A1. The radio LFs (continuous lines) for 4 different red-
shifts using 2 different set of normalization parameters for the
Illustris model. In the calculations we include all SMBHs inde-
pendent of mass or rate. In order to achieve the best value for
the χ2 minimisation we use data from Smolcˇic´ et al. (2017). The
percentage of radio and quasar (including Super Eddington ac-
cretion) mode are noted at the top of each subplot. For the last
redshift range (bottom right plot) the grey shaded region shows
the range of acceptable fitting by using the parameter values range
which can provide a rough estimate for the error in the predictions
for the number of SMBHs at the EoR detectable by SKA.
APPENDIX B: VOLUME EFFECT
Another way to issue the effect of the volume of the models
in the predictions for the most massive and energetic SMBHs
is by looking only at the quasar mode scenario since it dom-
inates the accretion for z>6 in all models. The motivation
arises from equations 4-7 where the radio luminosity νLTDν
depends only on the SMBH mass:
LTDν ∝ M0.32• m˙−1.2LTDjet ∝ M0.32• m˙−1.2M1.1• m˙1.2 ∝ M1.42• (B1)
This linear relation shows that the higher the SMBH mass
accreting at quasar mode the higher the radio luminosity
emitted. This view has great impact on our predictions for
the SKA surveys as the limitation in maximum mass of the
small volume models have been already shown. In other
words if a model of small volume cannot exceed the sen-
sitivity limit of SKA, a larger simulation box of the same
model may surpass this limit, if we accept that larger vol-
umes provide the most extreme SMBH masses. This effect
can be seen in Figure B1 where the EAGLE model of 3 sim-
ulation volumes is presented (for z = 7). If we follow the
yellow line (EAGLE model of 100 Mpc box size) for the
SKA Band-2 = 4 µJy survey we get 0 SMBHs as prediction,
since the maximum luminosity produced is below the SKA
limit. However, the maximum SMBH mass from this model
at z = 7 is below 108 M even though observationally we
know there is at least one SMBH with mass above 109 M
(Mortlock et al. 2011). Since the relation between the radio
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Figure B1. The radio 1.4 GHz luminosity versus the SMBH
mass (both in log scale) from the three available versions of the
EAGLE model for z = 7 and only for SMBHs accreting at the
quasar mode. Along with the models the (Mortlock et al. 2011)
observation is presented as well two sensitivity limits from the
band 2 SKA future survey with 4 and 2 µJy flux limits (grey
dashed lines). In the legend of the plot the number of sources for
each version of the model is also presented. The coloured ticks
on the luminosity axis denote the maximum luminosity that each
version of the simulation can reach.
emission and SMBH mass is a power-law (equation B1) an
EAGLE version with a larger volume might be able to pro-
duce a SMBH with mass ∼ 109 M and whose radio emission
exceeds the 4 µJy limit.
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